The growth of yeasts and other microorganisms in nonsugar carbon sources is dependent on gluconeogenesis. This pathway implicates specific gluconeogenic enzymes, such as fructose-1,6-bisphosphatase (Fbp) and phosphoenolpyruvate carboxykinase (Pck), that bypass the two physiologically irreversible steps in the glycolytic pathway, namely, phosphofructokinase and pyruvate kinase. In addition, under certain growth conditions, the enzymes from the glyoxylate cycle, isocitrate lyase (Icl) and malate synthase, are also required for the function of gluconeogenesis (Fig. 1) . Growth in any nonsugar carbon source requires Fbp, which catalyzes the hydrolysis of fructose-1,6-P 2 to fructose-6-phosphate, and therefore, Fbp is a key enzyme in gluconeogenesis. The simultaneous function of specific gluconeogenic enzymes and their glycolytic counterparts would lead to futile cycles, i.e., reactions that waste ATP without yielding a net product (42) . Presumably due to evolutionary pressure, a series of control mechanisms have been selected to minimize the functioning of those cycles. In the yeast Saccharomyces cerevisiae, the activities of phosphofructokinase and pyruvate kinase are controlled by a series of activators and inhibitors whose concentrations vary upon growth on sugars or nonsugar carbon sources (12, 61, 65) . The activity of gluconeogenic enzymes is determined by the interplay of a variety of mechanisms. The transcription of the genes encoding them is subjected to catabolite repression, a complex regulatory phenomenon that involves many proteins (13, 32, 41) . In addition, in S. cerevisiae, most of the gluconeogenic enzymes undergo catabolite inactivation (27, 48, 50) , a proteolytic degradation that destroys them after glucose addition. Control by metabolites appears to be restricted to Fbp that is inhibited by AMP (31) and by fructose-2,6-P 2 (34) , whose concentration increases rapidly during growth in glucose (25, 45) .
The dimorphic yeast Yarrowia lipolytica is an organism of great biotechnological interest due to its ability to excrete organic acids and proteins to the medium (5) . It is able to grow in a variety of nonsugar carbon sources, indicating the function of an active gluconeogenesis. This characteristic, and the fact that phosphofructokinase and pyruvate kinase, which catalyze the physiologically irreversible steps in glycolysis, present kinetic properties quite different from those of their homologous S. cerevisiae enzymes (22, 38) , led us to initiate a study of the regulation of gluconeogenesis in Y. lipolytica with particular attention to that of its terminal enzyme Fbp. Our results show that in Y. lipolytica, glucose does not repress the gene encoding Fbp but represses those encoding Pck and Icl. Although in this yeast there is only one gene encoding a protein showing sequence similarity with other Fbps, we have found that its disruption did not lead to the inability to grow in gluconeogenic carbon sources in contrast with the situation in most microorganisms (1, 24, 30, (58) (59) (60) 64) . We also found that a fraction of Fbp has a nuclear localization.
MATERIALS AND METHODS
Strains, culture conditions, and plasmids. The following yeast strains were used: Y. lipolytica CLIB89 (Collection de Levures dЈInterêt Biotechnologique, Grignon, France; provided by C. Gaillardin), its derivative P01a MATA leu2-270 ura3-302 (4) (provided by A. Domínguez, Salamanca, Spain), and H222-S4 (provided by G. Barth, Dresden, Germany) and S. cerevisiae W303-1A ade2 ura3 leu2 trp1 his3 and CJM197 fbp1::HIS3 (29) . The yeasts were grown at 30°C with shaking either in rich YP medium (1% yeast extract, 2% peptone) or in minimal YNB medium (0.17% yeast nitrogen base [Difco, Detroit, MI], 0.1% glutamate) with 2% glucose, 3% glycerol, or 2% ethanol as a carbon source. Auxotrophic requirements were added at a final concentration of 20 g/ml. The transforma-tion of the yeasts was done as described by Barth and Gaillardin (4) for Y. lipolytica and by Ito et al. (40) for S. cerevisiae. The following plasmids were constructed to create new strains of Y. lipolytica or S. cerevisiae: pRJ43 was used to integrate the Y. lipolytica FBP1 (YlFBP1) gene into the YlLEU2 locus of strain RJM001 (see below) to give strain RJM004. A 3,258-bp DNA fragment carrying 1,264 bp upstream of the initial YlFBP1 ATG, the YlFBP1 open reading frame (ORF), and 600 bp downstream of the stop codon was inserted into plasmid pINA354B (11) digested with ClaI and NotI and blunt ended. pRJ43 was digested with ApaI to direct it to the YlLEU2 locus. Plasmid pCL200 carries the YlFBP1 ORF under the control of the YlTEF1 promoter in plasmid pCL49 (21) and upon transformation of strain RJM002 (see below) originated strain CJM540. Plasmid pCL201 is an episomal plasmid that carries a 600-bp SmaIEcoRV DNA fragment from the S. cerevisiae FBP1 (ScFBP1) promoter and the first 18 codons of ScFBP1 in frame with the YlFBP1 ORF in plasmid pDB20 (7) digested with SmaI and NotI; pCL202 is similar to pCL201 but carries only the ScFBP1 promoter fragment; pCL203 expresses the YlFBP1 ORF under the control of the ScADH1 promoter in the episomal plasmid pDB20 (7); and pCL204 is similar but with YlFBP1 in the inverted orientation. Other plasmids used were pRG6, an episomal plasmid bearing the S. cerevisiae FBP1 gene (16) , and pINA237, which carries the YlLEU2 gene (23) .
Isolation of the YlFBP1 gene. Since the sequence of the gene encoding Fbp in Y. lipolytica was not available at the start of this work, it was isolated using degenerate oligonucleotides matching two regions of conserved amino acid sequences in Fbps, SEEQED and FEQAGG, and considering the Y. lipolytica codon bias (http://www.kazusa.or.jp/codon/). Chromosome walking and PCR allowed the isolation of a DNA fragment of 3,254 bp comprising the YlFBP1 coding region, 1,232 bp upstream, and 1,006 bp downstream. This fragment was cloned into plasmid pGEM-T Easy (Promega) to give plasmid pRJ50.
Disruption of the chromosomal YlFBP1 copy. Two different disruption cassettes were prepared: one with YlURA3 and other with YlLEU2. Plasmid pRJ50 was digested with BamHI, blunt ended, and ligated to a blunt-ended 1.7-kb SalI fragment carrying the YlURA3 gene obtained from plasmid pINA156 (57) to produce plasmid pRJ38A. A DNA fragment of 5,221 bp obtained by the digestion of pRJ38A with NotI was used to transform Y. lipolytica, producing strain RJM001. To generate a disruption cassette with YlLEU2, we introduced by PCR an NcoI site 125 bp upstream of the initial YlFBP1 ATG (see Fig. 4A ) in pRJ50.
A 984-bp fragment from the YlFBP1 gene was replaced with an NcoI fragment of 2,100 bp carrying the YlLEU2 gene obtained from plasmid pINA62 (28) to give plasmid pRJ39B. A digestion of pRJ39B with NotI produced a 4,370-bp DNA fragment that was used to transform Y. lipolytica-originating strain RJM002. Strain RJM003 is RJM001 with YlLEU2 reintroduced in the genome.
Integration of a YlFBP1 promoter-lacZ fusion into the YlLEU2 locus. A 1,300-bp DNA fragment upstream of the initial ATG of YlFBP1 was obtained by PCR, inserted into plasmid pINA354B (11) , and digested with NotI and BamHI; the resulting plasmid was digested with ApaI to direct the insertion to the chromosomal YlLEU2 locus and used to transform strains P01a and RJM001 to give strains RJM007 and RJM008, respectively.
Preparation of antibodies against YlFbp. A YlFBP1-GST fusion was expressed in Escherichia coli in the commercial plasmid pGEX4T2 (GE Health Care). The fusion protein was purified from the extract, and the YlFbp protein was isolated by electrophoresis after excision of the GST portion with thrombin. The identity of the protein was checked by matrix-assisted laser desorption ionization-time of flight. The protein was used to immunize mice, and antibodies were obtained by standard procedures.
Nucleic acid manipulations. For Northern analysis, the yeasts were filtered and flash frozen in liquid nitrogen according to the procedure of Belinchón et al. (8) . Total RNA was extracted using the TRIzol-LS reagent (Invitrogen), separated on 1.5% agarose-formaldehyde gels, and transferred to Nytran filters (Schleicher and Schuell, Dassel, Germany). The probes were labeled with 32 P using the Rediprime II random prime labeling kit (GE Health Care).
Probes for Northern analysis. The following probes obtained by PCR using genomic Y. lipolytica DNA and adequate oligonucleotides were used: for YlFBP1, a 1,025-bp fragment corresponding to the ORF; for YlPCK1, a 230-bp fragment starting 226 bp after the initial ATG; for YlICL1, a 1,466-bp fragment starting 38 bp before the initial ATG; and for 18S rRNA, an 840-bp fragment described in reference 8.
Extracts and assay of enzyme activities. Extracts were prepared by breaking the yeast with glass beads in 20 mM imidazole (pH 7) in five cycles of 1 min of vortexing and 1 min on ice. The homogenate was centrifuged in the cold for 15 min at 13,000 rpm in an Eppendorf tabletop centrifuge, and enzyme activities in the supernatants were assayed. Fbp was assayed as described by Gancedo and Gancedo (33) , Pck as indicated by Perea and Gancedo (53) , and Icl as described by Dixon and Kornberg (18) . The protein level was determined using a commercial bicinchoninic acid protein assay kit.
Extraction and determination of intracellular metabolites. About 200 mg (wet weight) yeast cells was rapidly filtered in a vacuum through a 0.8-m-porediameter Millipore filter AAWPO4700 and snap-frozen in liquid nitrogen. The pellets were treated with boiling ethanol as in Gamo et al. (29) and the metabolites determined by spectrophotometric methods (10) . For calculations, it was assumed that 1 g wet yeast has an intracellular volume of 0.6 ml (14) . Subcellular fractionation. The cells were converted to spheroplasts with Zymolyase, lysed gently, and fractionated basically as described in reference 55 through a combination of Ficoll and Percoll gradients with an additional centrifugation step at 100,000 ϫ g for 2 h at 4°C to eliminate Percoll from the nuclear fraction. Equal amounts of protein (40 g) were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose filters, and hybridized to different specific antibodies.
Nucleotide sequence accession number. The sequence of the YlFBP1 gene has been deposited in GenBank with the accession number AY324116.
RESULTS
Effect of carbon sources on the activity of gluconeogenic enzymes in Y. lipolytica. We assayed the activities of two gluconeogenic enzymes, Fbp and Pck, and the glyoxylate cycle enzyme Icl whose activity is repressed by glucose (6, 49) in Y. lipolytica grown in different carbon sources. The activity of Fbp was similar in extracts from cells grown in glucose or in gluconeogenic carbon sources (Table 1) . This result contrasts with those found in other yeasts in which Fbp is repressed by glucose (20, 39, 60) . Pck and Icl activities were much lower in cells grown in glucose or glycerol than in those grown in ethanol or acetate ( Table 1) , showing that these enzymes are subject to catabolite repression as in other yeasts (3, 20, 36, 43, 47 We found variations in the sequence of YlFBP1 among strains of different origin; at amino acid 69, the DNA sequences of CLIB89 and of P01a read GCA, while those of H222-S4 and the one deposited in the Genolevures (http://cbi.labri.fr /Genolevures/) database read GCC (silent mutation). At amino acid 229, CLIB89 and P01a read AAC, while the others read GAC (change from D to N in the amino acid sequence).
The YlFBP1 gene restored Fbp activity to an S. cerevisiae fbp1 mutant and complemented its growth defect in gluconeogenic carbon sources ( A preliminary kinetic characterization of YlFbp was done using dialyzed extracts after treatment with protamine sulfate. A K m of 30 M for fructose-1,6-P 2 was calculated, a value in the range found for other Fbps (9, 31, 52, 63). The activity was inhibited by AMP (K i , 0.8 mM) or fructose-2,6-P 2 (50% inhibition at 0.18 M in the presence of 0.2 mM fructose-1,6-P 2 ). These characteristics support the idea that the activity considered corresponds to a typical Fbp.
Expression of YlFBP1 and levels of YlFbp in Y. lipolytica. We studied the expression of the YlFBP1 gene in different carbon sources using Northern blotting and by measuring the ␤-galactosidase activities produced by a fusion of the YlFBP1 promoter to the E. coli lacZ gene integrated into the chromosomal YlLEU2 locus. The result of the Northern analysis is shown in Fig. 3 . The probe against YlFBP1 revealed a unique band whose intensity did not vary markedly with the carbon source used for growth, a result consistent with that of the enzyme values (Table 1) . Also, a Western analysis using a specific antibody against YlFbp showed that the amount of this protein was similar in all growth conditions used (Fig. 3) . These results show that catabolite repression does not affect the levels of the YlFBP1 mRNA and that YlFbp is not subject to catabolite inactivation. [16] ), no insertion (pDB20 [7] ), the YlFBP1 gene under the control of the ScFBP1 promoter (pCL201), the ScFBP1 promoter (pCL202), the YlFBP1 gene under the control of the ScADH1 promoter (pCL203), or a similar plasmid with the YlFBP1 gene in the inverted orientation (pCL204). A purified transformant of each was streaked on plates with glucose or with glycerol plus ethanol as carbon sources. Specific Fbp activities (each given as the mean of two independent cultures) in mU/mg protein were 250 for S. cerevisiae with pRG6, 550 for S. cerevisiae with pCL201, 80 for S. cerevisiae with pCL203, and Ͻ1 for S. cerevisiae with control plasmids. For a detailed description of the plasmids, see Materials and Methods. When ␤-galactosidase was expressed under the control of the YlFBP1 promoter, there was a 1.5-to 2.5-fold increase in activity in cells grown in ethanol or acetate with respect to glucose-or glycerol-grown cells, both in minimal and in rich medium ( Table 2) . The difference between the changes in ␤-galactosidase activity and the data on Fbp activity and Western and Northern analysis could be explained by an increased instability of YlFBP1 mRNA in media with ethanol or acetate. The activities of ␤-galactosidase measured in a strain with a disrupted YlFBP1 followed the same trend as those found in a wild type, but the activities were always higher (between three to eight times) than in a wild-type background (Table 2) . These results may be interpreted in two ways that are not mutually exclusive: either YlFbp controls the activity of its own promoter, or the metabolic disturbance caused by the lack of the enzyme affects the expression of YlFBP1.
If YlFbp participates in the regulation of the expression of YlFBP1, it could be expected that a fraction of it will be found in the yeast nucleus. To test this possibility, we did a subcellular fractionation and followed the distribution of Fbp in different fractions using a specific YlFbp antibody. As shown in Fig. 4 , YlFbp was detected in the nuclear fraction; the lack of cytoplasmic contamination in this fraction was shown by the absence of reaction with an antibody against pyruvate carboxylase, a cytoplasmic protein in yeast (Fig. 4) . Similar results were obtained with nuclei prepared from cells grown in glucose or in ethanol. This result together with those of ␤-galactosidase activity would be suggestive of a moonlighting role for YlFbp.
The results obtained for YlFBP1 contrast with those found with probes against YlPCK1 and YlICL1 (Fig. 3) that showed a pattern of glucose repression in agreement with the values of enzymatic activity (Table 1) . The results obtained show that expression of the genes encoding gluconeogenic enzymes in Y. Fig. 5 ). After transformation of the yeast and selection in glucose medium, the transformants were transferred to a medium with ethanol. Those that did not grow after 2 days were checked for the correctness of the disruption (Fig. 5) . Also a Western blot of the disruptants showed no cross-reacting material against a specific YlFbp antibody (Fig. 5) . These results indicate that YlFbp is the main activity implicated in the growth of Y. lipolytica in ethanol. However, Ylfbp1 disruptants grew after several days on ethanol plates, a behavior different than that of S. cerevisiae fbp1 mutants (Fig. 6) . The growth was not due to the appearance of extragenic suppressors, as identical volumes of a cell suspension of a Ylfbp1 disruptant produced a similar number of colonies on plates with glucose, glycerol, or ethanol (result not shown).
Since growth in gluconeogenic carbon sources requires the formation of fructose-6-P by Fbp, we determined if there was another phosphatase activity acting on fructose-1,6-P 2 in the disrupted strain. We found such an activity that amounted to about 20% of the total wild-type Fbp activity. This result shows that in the absence of YlFbp, another phosphatase supports a slow growth in gluconeogenic conditions. No such activity was observed in an S. cerevisiae fbp1 mutant, even if the concentration of fructose-1,6-P 2 in the assay was increased 50 times. The difference in generation times between the wild type and the YlFBP1 disruptant was more marked in ethanol (313 Ϯ 11 min versus 460 Ϯ 30) or acetate (190 Ϯ 14 versus 293 Ϯ 9) than in glycerol (123 Ϯ 3 versus 142 Ϯ 3) . Reintroduction of the YlFBP1 gene in a Ylfbp1::URA3 mutant restored normal growth in ethanol, indicating that YlFbp is the phosphatase responsible for growth in gluconeogenesis. Additional evidence for this role is provided by the values of metabolites directly related to fructose-1,6-P 2 , the substrate of Fbp. As shown in Table 3 , its concentration increased in the disruptant during growth in gluconeogenic substrates and the levels of hexose monophosphates decreased. The concentration of ATP tended to be higher in the disruptant, with the exception of the acetate cultures.
The YlFBP1 disruptants did not show microscopic differences in liquid cultures, but colonies on gluconeogenic substrates were smoother than those of the wild type (results not shown).
Some characteristics of the alternative phosphatase. The available genomic sequence of Y. lipolytica (http://cbi.labri.fr /Genolevures/) does not reveal proteins with significant sequence homology to YlFbp1, indicating that the activity detected in the Ylfbp1 mutant is due to a different type of phosphatase. Its activity did not vary with the carbon source (results not shown) and was not lost in extracts from protoplasts, thus ruling out an extracellular location. A preliminary kinetic characterization, using extracts from Ylfbp1 cells precipitated with protamine sulfate and dialyzed, showed an optimum pH of 7.2, a K m for fructose-1,6-P 2 of 2.3 mM, and no inhibition by AMP or fructose-2,6-bisphosphate. In some archaea, Fbp activity was ascribed to an inositol monophosphatase (62); since inositol monophosphatases are sensitive to Li ϩ (46), we checked whether the activity in extracts of Ylfbp1 mutants showed this property. The alternative phosphatase An examination of the available genomic sequence of Y. lipolytica indicated that there is only one gene encoding a bona fide Fbp. However, the growth of a Ylfbp1 mutant in nonsugar carbon sources, although slower than the wild type, contrasts with the lack of growth in these media observed in microorganisms lacking Fbp activity (1, 20, 24, 30, 58, 59, 64) . The explanation for this growth is the existence of an alternative phosphatase with a high K m for fructose-1,6-bisphosphate. We do not know presently the gene encoding this activity, but its kinetic characteristics suggest that it encodes a protein unrelated to classical fructose-1,6-bisphosphatases. A phosphatase, even unspecific, acting on fructose-1,6-P 2 could support the growth of an fbp1 mutant on gluconeogenic substrates as shown for E. coli, where a mislocalized phosphatase alleviated the growth defect of such a mutant (17) . No information is available on the enzyme(s) that allow the growth of a Bacillus subtilis mutant lacking Fbp in glycerol or malate (26) . The slower growth of the Ylfbp mutant in ethanol compared with that observed in glycerol could be due to the differences in the concentration of fructose-1,6-bisphosphate found in both conditions.
We have also shown that the expression of the genes encoding gluconeogenic enzymes in Y. lipolytica is not regulated in parallel and that YlFBP1 is not repressed by glucose. Catabolite repression is very strong in S. cerevisiae (13, 32, 41) and depends on a high glycolytic flux (29, 56) . The low glycolytic capacity of Y. lipolytica compared to that of S. cerevisiae could explain the incomplete repression of YlPCK1 or YlICL1 in Y. lipolytica. But the lack of repression of YlFBP1 is almost complete and suggests that this protein has other roles besides its metabolic one. The lack of catabolite repression of the gene YlFBP1 and the partial expression of YlPCK1 during growth in glucose pose the problem of the waste of energy by the function of futile cycles. S. cerevisiae strains with functional futile cycles are viable but are at a disadvantage in competition with a wild-type strain (51) . No measurement of futile cycles has been done yet for Y. lipolytica; however, their functioning dur- 
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YARROWIA fbp MUTANTS GROW IN GLUCONEOGENIC SOURCES 1747 ing growth in glucose cannot be ruled out. In some bacteria like E. coli (24) , Bacillus subtilis (26) , or Corynebacterium glutamicum (58), the levels of Fbp did not vary with the carbon source, but futile cycles appear to be avoided by allosteric control of the corresponding enzymes (15, 37, 58) . YlFbp is strongly inhibited by fructose-2,6-P 2 , and this inhibition could minimize the function of the cycle. Although AMP is a potent inhibitor of most Fbps, its role in the regulation of the yeast enzyme is not obvious, since its concentration does not show great variations between gluconeogenic and glycolytic conditions (2). Hines et al. (37) have shown that in E. coli, the inhibition of Fbp by AMP is increased up to 10 times upon the binding of glucose-6-phosphate, levels of which vary markedly between glycolytic and gluconeogenic growth conditions, thus making the sugar phosphate the actual controller of Fbp. These authors suggested that a similar situation may occur with AMP and fructose-2,6-P 2 in eukaryotic organisms. Phosphoenolpyruvate was without significant effect on the enzyme of Y. lipolytica and this behavior is consistent with the finding that the phosphoenolpyruvate binding site is not present in Fbps from organisms that use fructose-2,6-P 2 in the regulation of Fbp activity (37) .
We have found that a fraction of YlFbp is present in the nucleus; this finding and the differences in ␤-galactosidase activity when expressed under the control of the YlFBP1 promoter in wild-type cells and in the Ylfbp1 mutant could suggest that YlFbp may have functions other than its pure metabolic one. In some higher eukaryotes, Fbp has been found to be associated with nuclei in different types of cells (35, 66) . In some cases, the localization of the protein was influenced by the growth phase of the cells (35) or by changing metabolic conditions (66) . A well-defined explanation for the presence of Fbp in the nucleus has not yet been advanced. Several studies on Y. lipolytica have revealed important differences in the properties of different enzymes implicated in carbohydrate metabolism like hexokinase (54), phosphofructokinase (22), 3-Pglycerate kinase (44) , pyruvate kinase (38) , or pyruvate carboxylase (21) with respect to those of their homologues in S. cerevisiae. The different properties in the regulation of the expression of genes encoding gluconeogenic enzymes and in the behavior of the Ylfbp1 mutants described in this work further stress the physiological differences between this yeast and the model yeast S. cerevisiae.
